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Abstract 
The spectroscopic characterizations of sodium borate glasses codoped with Ce3+ and Ag+ prepared by melt quench method are 
done using absorption, excitation and emission spectra. The nonradiative energy transfer between Ag+ and Ce3+ ions process is 
observed. With fs-laser irradiation, we formed silver aggregates and studied efficient resonant energy transfer  from Ce3+ ions to 
silver aggregates by analyzing the emission of Ce3+ ions and the absorption of the silver aggregates.  
© 2010 Published by Elsevier B.V. 
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1. Introduction
Recently, much attention has been paid to the use of a photosensitive glass, Foturan glass, manufactured by 
Schott glass Co. It is a lithium aluminosilicate glass doped with Ag and Ce ions for the manufacture of micro-
electro-mechanical systems (MEMS). T. Hongoa et al. [1] reported that the photosensitivity of Foturan glass can be 
activated with infrared fs laser pulses by a multiphoton absorption process, and Y. Cheng et al. [2] embedded micro-
fluidic structures and micro-optical structures inside the glass. Besides, silver-ion exchanged Ce-doped soda-lime 
silica glass and Ag and Ce codoped silica glass were studied by Paje et al. [3] and Y. Dai et al. [4] respectively to 
study a role of cerium ions for Ag nanoparticle formation. However, their investigations did not reveal the details of 
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the role of cerium ions. In this report, we present the first observation of energy transfer from Ag+ to Ce3+ ions and 
Ce3+ ions to silver-aggregates formed by fs-laser irradiation.  
2. Experimental 
Silver and cerium co-doped sodium-alumino-borate glass were prepared by melt-quench method. Regent grade 
Na2CO3, Al2O3, and B2O3 were used as starting materials. The glass was doped with 0.5-mol.% Ce2O3 and 1.0-
mol.% AgNO3. The mixture of raw materials was melted in a platinum crucible at 1350ଇ for 2 h under the ambient 
atmosphere. Then the melt was quenched into a transparent and colorless glass by pouring it onto a stainless-steel 
module at 300ଇ followed by cooling to room temperature. A regeneratively amplified 800-nm Ti:sapphire laser that 
emits 1 kHz mode-locked pulses with 150 fs pulse width was used in our experiments. The laser beam was focused 
by a 20x micro-objective lens with its numerical aperture of 0.4, and the position of the focal point was controlled 
by a computer-controlled xyz-stage at a scanning rate of 1 mm/s. The intervals of the irradiated spots should be 1 
ȝm at the scanning rate. The size of focused beam was about 10 ȝm. To obtain the sample for absorption 
measurement, the irradiated rectangular area of 2ค2 mm was made by moving the sample back and forth. The 
absorption, excitation, and fluorescence spectra of the non-irradiated and irradiated area were measured by a 
spectrophotometer and a typical photoluminescence measurement system with lamps and a q-switched Nd:YAG 
laser.
3.  Results and discussions 
We obtained the optical absorption spectra of the Ce and Ag co-doped sodium-alumino-borate glass before and 
after 265 mW femtosecond laser irradiation. An apparent increase in absorbance was observed in the ultraviolet and 
visible region in the irradiated sample as shown in Fig. 1. The difference in the spectra of the glass sample before 
and after laser irradiation indicates the formation of color centers and silver-aggregates in the blue region [5]. They 
can be formed by multiphoton ionization with near-infrared fs-laser pulses and local laser heating in the exposed 
area due to the accumulated energy from of a series of high power laser pulses. The laser intensity was so high that 
the absorption rate is very rapid and the photons in 150 fs can heat the lattice effectively and rapidly. In addition, 
local heating can be enhanced because thermal conductivity of borate glass is much less than that of silica.  
Figs. 2-4 show the emission spectra collected upon 266, 325, and 405 nm excitations for non-irradiated and 
irradiated samples. The 266 nm excitation corresponds to the 4d10-4d95s transition of Ag+ ions, and the 325 nm  
corresponds to the 4f-5d transitions of Ce3+ ions. The 266 nm excitation shows an emission at 330 nm and another 
weak emission at 400-450 nm in both the non-irradiated and the irradiated samples (Fig. 2). 
Fig. 1. Absorption spectra of (a) non-irradiated                Fig. 2. Emission spectra of  (a) non-irradiated  
and (b) irradiated Ag,Ce codoped glasses.                         and (b) irradiated Ag,Ce codoped glasses upon 
                                                                                                                   excitation at 266 nm 
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Fig. 3. Emission spectra of  (a) non-irradiated and                 Fig. 4. Emission spectra of  (a) non-irradiated and 
(b) irradiated Ag,Ce codoped glasses upon                             (b) irradiated Ag,Ce codoped glasses upon  
excitation at 325 nm.                                                               excitation at 405 nm 
These two bands are ascribed to the singlet-singlet and the triplet-singlet transitions respectively [6]. The stronger 
spin-forbidden transition is due to the change of local environment of  the Ag+ ions. The 325 nm excitation showed 
two bands consisting of a typical 5d-4f transition of Ce3+ ions at 360 nm [7] and a 4d95s-4d10  transition of Ag+ ions 
at 420 nm [6] in the non-irradiated sample (Fig. 3). The Ag+ emission at 420 nm is a dipole-forbidden but vibronic 
transition. A little decrease in the irradiated sample is due to multi-photon ionization of Ce3+ ions and electron 
trapping at oxygen vacancies. In contrast, the 405 nm excitation showed no emission in the non-irradiated sample 
but a new strong emission band at 500 nm and a weak band at 600 nm in the irradiated one (Fig. 4). The 500 and 
650 nm bands were reported to be originated by silver-ion pairs and silver complex such as Ag+Ag0, and Ag2O
respectively [ 8 ]. 
The excitation spectrum for the emission at 375 nm which originates from Ce3+ ions reveals an absorption band at 
300 nm for the non-irradiated sample as shown in Fig. 5. We cannot expect any emission from Ag+ ions at 375 nm. 
Thus, an additional band at 260 nm can be the higher 5d states of Ce3+ ions or the absorption band of Ag+ ions. 
However, Fig. 2 removes the possibility of the higher 5d states of Ce3+ ions. Thus, another band at 260 nm band 
indicates that there is an efficient energy transfer from Ag+ to Ce3+ ions resulting in the 375 nm emission. The 
excitation spectra for the emissions at 400 and 430 nm show that the relative contribution from Ce3+ ions compared 
with that from Ag+ ions decreases as the emission moves to the longer wavelength. Thus, we cannot confirm any 
efficient energy transfer from Ce3+ ions to Ag+ ions. 
The excitation spectra for the emission at 375 and 400 nm for the irradiated sample are the same as those for the 
non-irradiated one as shown in Fig. 6. However, the excitation spectra for the 430 and 500 nm emission show the 
380 and 400 nm bands respectively. They reveal the existence of several subgroups originated from silver-
aggregates, because the excitation band shows red-shift with the emission wavelength increases. In addition, the 
excitation spectra for the 430 nm emission shows the absorption band of Ce3+ at 300 nm, indicating the energy 
transfer from Ce3+ ions to Ag-complex. Another evidence for the energy transfer is that the absorption band of a 
silver-aggregate group at 380 nm is well overlapped with the emission band of Ce3+ ions. These are strong evidences 
for the efficient radiative energy transfer from Ce3+ ions to silver-aggregates. Although we observed some energy 
transfer in the co-doped system, further experimentation including dynamic processes is necessary to clarify the 
process in details. 
4. Conclusions 
We conclude that there is an efficient energy transfer from Ag+ to Ce3+ ions in Ag,Ce codoped sodium-alumin-
borate glass. In the fs-laser irradiated co-doped glass, we observed strong evidences for the energy transfer from 
Ce3+ ions to silver-aggregates. These energy transfer processes can be found in other Ag and Ce codoped glasses and 
crystals, and we believe that Ce ions can be used to control the optical properties of Ag-related centers.  
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Fig. 5. Excitation spectra of the non-irradiated sample                 Fig. 5. Excitation spectra of the irradiated sample 
collected at (a) 375 (b) 400 (c) 430 and (d) 500 nm.                     collected at (a) 375 (b) 400 (c) 430 and (d) 500 nm. 
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